This paper presents a flip chip on board predictive reliability model. The model is intended to be used for the prediction of mean time to failure in air-to-air thermal cycle or liquid-to-liquid thermal shock. The model incorporates nontraditional predictors of performance such as the glass transition temperature of the underfill material, the metallization of the substrate bond pads and the nondimensional quantity of UBM area to the wettable substrate bond pad area. Several regression techniques were used to determine the best predictors for reliability performance. The strongest predictors were incorporated into the model. A case study is presented to show the utility of the model. In addition, the effects of percent cure of the no-flow fluxing underfill were evaluated in tenns of reliability performance.
Introduction
Environmental stress tests, or accelerated life tests, apply stresses to electronic packages that exceed the stress levels experienced in the field. In theory, these elevated stress levels are used to generate the same failure mechanisms that are seen in the field, only at an accelerated rate. It is then up to the reliability engineer to determine how the accelerated life testing data should be used (or extrapolated) to determine bow the component would perform during field operating conditions. The methods of assessing reliability performance of electronic packages can be classified into two categories: a statistical failure based approach and a physics of failure based approach. The statistics based approach assumes that there is some mathematical relationship between the accelerated life testing data and the actual field performance of the device, so the failure rate obtained in a lab environment is then extrapolated to a use condition [I]. For a physics of failure based approach, there is a tendency to focus on the fatigue of solder joints. Fatigue is the most common mechanism of failure and is believed to be either fully or partially responsible for 90% of all mechanical and electrical failures [2] .
There are a multitude of publications that provide low cycle strain based fatigue equations that can be used as cyclic life predictors [3] - [10] . These equations are based on the original low cycle strain based fatigue equation
for metals presented by Coffin & Manson [Ill, [121. There is a disconnect between the predictions made by these models and the actual performance of components in reliability testing.
In this paper a statistical based methodology is used to identify the critical factors in reliability performance of a flip chip on board component level assembly. The critical factors in determining reliability performance were established via experimental investigation and their relative influence on reliability performance was determined via statistical regression techniques.
This methodology incorporates regression analysis results into the constants for the solder fatigue prediction equation. The end product is a general flip chip on board equation rather than one that is specific to a certain test vehicle or material set. Approximately 3000 test vehicles have been subjected to a battery of testing including: air-to-air thermal cycling (AATC), high temp storage, liquidto-liquid thermal shock (LLTS), and JEDEC pre-conditioning. These test vehicles incorporate four different test die, eight board configurations, two no-flow underfill materials, and two substrate metalizations.
Experimental

Materials
There were a total of sixteen independent test vehicles used throughout this study. These test vehicles incorporated 4 different test die, eight substrates, and two noncommercially available underfills. The die used were standard test die provided by Flip Chip Technologies, both area array and peripheral m a y devices were evaluated. In addition, 5mm and l O m m size test die were evaluated. The eight substrates used in the testing were provided by several sources and incorporated two different bond pad metallizations. Lastly, the underfill used was a no-flow fluxing underfill that did not contain filler particles, so it bad a relatively high coefficient of thermal expansion.
Assembly Process
The process used for the assembly of the test vehicles in this study consisted of a Cam-a-Lot 3700 underfill dispensing machine, a Siemens F5 IC placement machine, and a BTU paragon rellow oven with seven independent thermal zones. Several design of experiments were run to determine the process windows for the aforementioned assembly equipment. The concem during the process characterization was not only yield, but also to determine how some of the processing decisions impacted reliability performance of the component level assemblies. So, in addition to yield, reliability performance was used as an evaluation parameter throughout the process characterization effort.
The underfill process, the flip chip placement process, and the reflow process were characterized prior to the final assembly of test vehicles that were used in the this analysis. In the underfill dispense process characterization the amount of underfill dispensed and the dispense pattem were investigated. The selected dispense process used a dispense of 9 mg of underfill for the 10" 
Reliability Testing
There were several reliability tests used to evaluate the reliability performance of the FCOB assemblies.
The reliability tests chosen were air-to-air thermal cycle (AATC), liquid-to-liquid thermal shock (LLTS), highly accelerated stress test (HAST), high temperature storage, and JEDEC preconditioning level 2a. The air-to-air and the liquid-to-liquid components were removed from test every 100 cycles to inspect for interconnect failures. The integity of the solder joints was investigated by a simple electrical continuity test, where an increase in resistance of 10% from the original value would be classified as a failure and the component would be removed from testing. The specifications used for the testing and the accelerated test levels are listed in Table 1 . 
Failure Mode Analys~i
The test vehicles used throughout the experimental portion of this project were either a IO-up or a 12-up configuration, meaning that each test board had 10 or 12 individual flip chip assemblies. Once a component failed electrical continuity testing, it had to be removed from the test board to allow the remainder of the flip chip assemblies to continue testing. The test vehicles incorporated breakaways allowing for removal of an individual component during testing. It was important to remove components from test at the interval when they failed, simply because the failure mode that caused the electrical failure needed to be identified.
To determine the mode of failure for each test vehicle several failure mode analysis techniques were used. X-ray imaging was used to look for underfll cracks and solder exbusion, Type C Scanning Acoustic Microscopy (CSAM) was used to determine if there had been any delamination between the die and the undelfill, cross sectioning and scanning electron microscopy (SEM) were used to investigate fatigue cracks in the solder, and finally EDS analysis was used to evaluate material concentrations.
Statistical Analysis
A regression analysis technique was used to determine which of the input parameters had an influence on the reliability performance of the components in accelerated life testing. The input parameters that were investigated were substrate metalization, substrate mask opening area versus the UBM area of the ilip chip bump, die size, perimeter or area array flip chip interconnect panem, underfill material, location of the die on the test board, frequency of cycling, number of UO, and percent area voiding. The percent area voiding was measured post-reflow on the Sonoscan CSAM series D-9000, using Visual Acoustics digital image analysis software.
Two regression analysis techniques were investigated using Minitab 13.32, a multiple linear regression as well as a regression with life data. The latter analysis technique allowed the authors to treat the failure data as arbitrarily censored, meaning that the interval data as well as any parts that were removed from test prior to failure were treated as interval censored and right censored respectively. The regression analysis was used to identify what parameters had the largest influence on reliability performance (i.e. the parameters with the lowest p-values).
Results and Diseussinn
A total of 3000 test vehicles were assembled for reliability testing, 600 components for each of the 5 reliability tests. The focus of the model presented in this paper will be the air-to-air thermal cycle and the liquid-to-liquid thermal shock component failure data.
Effech of Underfill Curing Percentage on Reliability Performance
The process characterization of the reflow soldering process is critical for no-flow underfills for two reasons: yield and reliability petformance. An important material property of no-flow underfill relating to interconnect yield is the change in underfill viscosity with respect to temperature. It is imperative that the underfill maintains a low viscosity at the solder reflow temperature; such that the solder bumps are allowed contact with the wettable substrate bond pad area at the critical reflow temperature. If the underfill gels prior to the reflow temperature then the flip chip bumps might be prevented from forming interconnections with the substrate bond pads. Second, the percentage of underfll cure could affect the reliability performance of the assemblies.
The percentage of cure for various reflow profiles was evaluated. A small sample of underfill was placed in a nonhermetic DSC (differential scanning calorimeter) pan and placed in the reflow oven along with the actual test vehicles for reflow process characterization. DSC was then used to assess the percentage of underfill cure for each of the given profiles. The test vehicles were then placed in liquid-to-liquid thermal shock to evaluate their reliability performance.
There were 10 different reflow profiles evaluated during the reflow process characterization. The following reflow parameters were varied: peak temperature, time above 183"C, soak time, and soak temperature. The results show that the 10 reflow profiles evaluated did not statistically affect the yield of the test vehicles.
Therefore, the underfill maintained sufficient viscosity during the reflow profile, such that the solder interconnects could form The percentage of underfill cure for the 10 reflow profiles investigated ranged from 73.5% to 100%. Test vehicles assembled from each reflow profile were placed into liquid-to-liquid thermal shock. The mean time to failure, or the expectation of time to failure, for the test vehicles was compared to the percentage of cure for each of the profiles to look for a correlation. The Pearson product moment correlation coefficient was used to check for a correlation; there was a positive correlation between percentage of underfill cure and the expected failure time in liquid-to-liquid thermal shock. One might assume that the same correlation might not he true for components tested in air-to-air thermal cycle because there is no interaction with perfluoropolyether (the liquid-to-liquid thermal bath medium) in the air-to-air thermal cycle test, the underfill would merely cure after a few cycles. However, the data shows that the underfill should he completely cured prior to liquid-to-liquid thermal shock so as not to skew liquid-to-liquid thermal shock reliability prediction results.
Reliabiliry Performance & Failure Mode Analysis
There were t h e main modes of failure found in the test vehicles subjected to liquid-to-liquid thermal shock and air-toair thermal cycle. The failure modes were: die cracking, solder extrusion into underfill voids, and solder fatigue cracks. Figure 2 is an SEM image of solder extmsion into an underfill void. The void initially encompassed the gap between the two flip chip humps, allowing a path for the solder to extrude.
The second failure was die cracking, approximately 1% of the die showed some level of die cracking at post reflow optical inspection.
The third mode of failure was fatigue cracking of the solder joints. This is the mode of failure that was focused on for the purposes of the model presented in this paper. Figure  3 shows a typical fatigue crack found via cross section and SEM analysis. The crack starts in the top right comer of the bump continues into the solder joint and across the diameter of the hump. 
Regression Analysis
A total of approximately 1200 data points from both liquid-to-liquid thermal shock and air-to-air thermal cycle were evaluated via statistical analysis.
As discussed previously, regression analysis was used to determine which input parameters helped to predict the reliability performance of the flip chip solder joints in air-to-air thermal cycle and liquid-to-liquid thermal shock. Some of the input variables that were initially chosen were highly correlated, for example, die size and the number of flip chip bumps. Therefore, these input variables needed to he removed from the regression analysis simply because their presence was redundant. The input variables that resulted in p-values that were below 5% remained in the model, inputs with higher p-values were removed. It should he noted that more inputs will always mathematically make the R-squared value increase, however the utility of the predictive model will not be enhanced with these added inputs, quite the contrary, the equation can then become cumbersome to use if there are too many inputs. The final predictive equation is listed below. Please note that the glass transition temperature of the underfill must be less than the high temperature extreme. All model parameters are listed in Table 2 . One interesting input to the reliability prediction equation was the metallization of the substrate bond pads. The probability plot for the lOmm full area array die shows a marked shift in performance between the C f l i A u and the CU/OSP substrate metallizations (Figure 4 ). This shift in performance was experienced for both underfills and all boarddie configurations. Through EDS analysis it was found that there was some gold detectible after assembly and thermal cycling. It is believed that the gold is causing some localized areas of emhrittlement and therefore allowing for a crack initiation site and potential early failure.
Case Study
To evaluate the reliability model presented in this paper additional data was collected for different flip chip on board test vehicles with a different underfill material than that used to generate the model: Information about the test vehicles used in the validation is s h o w in Table 3 .
The model appeared to predict the MTTF relatively well with the highest deviation in test vehicle 3.
The authors would l i e to point out that the model presented in this paper was developed by regression analysis, so the prediction of MTTF for test vehicles with a similar shucture to those used in the model development will likely be quite accurate. However, the prediction of MTTF for test vehicles with a different general structure such as those with a ceramic substrate or an underfill with a very high T, might not be such a good predictor simply because the extrapolation behavior from the original data set might not be predictable.
Conclusions
The model presented in this paper incorporates the use of non-traditional predictors of performance such as the glass transition temperature of the underfill material, the metallization of the substrate bond pads and the nondimensional quantity of UBM area to the wettable substrate bond pad area. This model is an attempt to quantify the effect of process and design decisions on reliability performance of a flip chip on board assembly. The performance of the model was evaluated using a different set of test vehicles than those used to generate the model. The validation study showed that the model predicted reliability performance quite well, with a maximum deviation of 42% between the predicted and actual test results. In addition, the effects of underfill cure percentage on reliability performance were evaluated. There was a positive correlation between percentage of underfill cure and the mean time to failure in liquid-to-liquid thermal shock.
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